Because lung cells are inevitably exposed to chemicals, drugs and mineral particles, they are appropriate target cells for investigating effects of environmental toxins. We have studied alveolar macrophages and epithelial type II pneumocytes freshly isolated from the rat lung, using the comet assay to detect DNA damage (strand breaks and oxidized bases) in individual cells after treatment with the pesticide paraquat. The background level of strand breaks is five times higher in freshly isolated pneumocytes than in alveolar macrophages. This difference remains even after 48 h of in vitro culture and therefore probably does not reflect trauma suffered during isolation. In contrast, endogenous formamidopyrimidine glycosylase-and endonuclease III-sensitive sites, which are specific indicators of oxidative damage, are present in freshly isolated alveolar macrophages but not in pneumocytes, reflecting the high metabolic activity of macrophages and their defensive role. Both cell types are exquisitely sensitive to strand breakage by paraquat. In addition, specific base oxidation is detected after 24 h of treatment with paraquat, especially in alveolar macrophages. Susceptibility to DNA damage, rather than lipid peroxidation, is likely to be the cause of paraquatinduced death in these cells. The relatively high level of endogenous damage in pneumocytes suggests that these cells are inefficient at DNA repair, which would be consistent with their probable role as the principal progenitors of lung cancer.
Introduction
In view of the enormous surface area of the lungs, and the quantity of air breathed (~15 kg per day, on average, in a resting human), these organs must represent the most important site of exposure to volatile and particulate environmental toxins. The lung is a very heterogeneous organ, consisting of Ͼ40 different cell types (1) , each with unique morphological and functional characteristics. Alveolar macrophages reside as a free cell population in the alveolar spaces and account for 5% of peripheral lung cells. They come into direct contact with toxic particles and gases as well as pathogens contained in the inspired air, and their phagocytic activity is essential to the maintenance of clean and sterile alveoli. During phagocytosis a number of active oxygen species are generated, which, in addition to their positive role in the process of phagocytosis, *Abbreviations: Pq, paraquat; PBS, phosphate buffered saline; DAPI, 4',6-diamidino-2-phenylindole; FPG, formamidopyrimidine glycosylase.
can provoke harmful side effects and even cause injury to the lung (2) .
The epithelial cells lining the respiratory tract are continually exposed to chemicals, drugs or mineral particles. Alveolar epithelial type II pneumocytes account for 12% of the total alveolar cell population. They secrete lipoproteins (pulmonary surfactants), which reduce surface tension and prevent lung collapse during expiration. These cells are particularly rich in cytochrome P450-dependent mono-oxygenases (3) and are capable of metabolizing many xenobiotics. They play an important role in tissue renewal following lung damage induced by chemical agents.
Little is known of the ability of these cells to withstand DNA damage. We have therefore compared the responses of alveolar macrophages and pneumocytes with the herbicide, paraquat (1,1-dimethyl-4,4-bipyridinium ion, Pq*), which is a known respiratory toxin in humans. Pq is a redox reagent that generates oxygen free-radicals, and it was proposed many years ago (4) that toxicity results from lipid peroxidation. However, more recent investigations have indicated that DNA damage rather than lipid peroxidation is responsible for Pq-induced toxicity in Ehrlich ascites tumour cells (5) , and that the cell cycle is severely delayed in HeLa cells treated with Pq (6) . We have used the comet assay (alkaline single cell gel electrophoresis) to measure DNA damage, spontaneous and Pq-induced, in pneumocytes and alveolar macrophages isolated from the rat lung by lavage.
Material and methods

Animals
Male albino Wistar rats, weighing 200-250 g, were purchased from Velaz (Prague, Czech Republic). They were given standard pelleted laboratory chow and water ad libitum. Isolation of lung cells Alveolar macrophages were isolated by bronchoalveolar lavage and simple centrifugation according to Myrvik et al. (7) . Epithelial type II cells (pneumocytes) were isolated from the lung after broncho-alveolar lavage by partial digestion with 0.25% trypsin, centrifugation on a Percoll gradient and differential attachment (8) . To confirm their identity, pneumocytes were stained for alkaline phosphatase, and macrophages with Giemsa.
Culture and treatment of alveolar cells
The epithelial cells were plated at a density of 10 5 per well on 96-well tissueculture plastic dishes (ECM coated plates, Biological Industries, Israel) in Dulbecco's modified Eagle's medium (PAA Laboratories, Austria), supplemented with 5% inactivated fetal calf serum (Sebak, Germany), penicillin (100 U/ml), streptomycin (0.1 µg/ml) and minocyclin (0.25 µg/ml). The cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 in air. Different concentrations of Pq were added either immediately or 24 h after isolation, and incubation was continued for 24 h. In addition, freshly isolated cells were incubated with Pq in medium without serum for 1 h. Alveolar macrophages were given the same treatments, but were cultured at a density of 10 5 /ml in 1.5 ml Eppendorf tubes. Immediately after treatment, cells were centrifuged at 200 g for 3 min at 40°C (alveolar macrophages), or washed with phosphate buffered saline (PBS) and trypsinized before centrifugation in the case of epithelial type II cells, in preparation for the comet assay.
The comet assay: measurement of strand breaks
The comet assay was used as described in (9), with small modifications. Plain glass microscope slides were pre-coated with 0.5% normal melting point Hva er Nuclear Weapons Proliferation? agarose (Gibco BRL, Paisley, UK) in water. Two gels of 85 µl 1% normal melting point agarose in PBS buffer were set on each pre-coated slide and overlaid with 85 µl of 1% low melting point agarose (Gibco BRL) in PBS, in which cells were suspended at 37°C. The two gels served as duplicates. The cells were lysed by immersing the slides in 2.5 M NaCl, 0.1 M Na 2 EDTA, 10 mM Tris-HCl pH 10, 1% Triton X-100 for 1 h, then placed in an electrophoresis tank in 0.3 M NaOH, 1 mM Na 2 EDTA for 40 min. Electrophoresis was carried out at 25 V and 300 mA for 30 min. Strand breaks allow DNA to extend from the nucleoids towards the anode, forming a 'comet tail'. Comets were visualised by fluorescence microscopy after staining with 4',6-diamidino-2-phenylindole (DAPI) (Sigma, Deisenhofen, Germany), and computerized image analysis was applied using a CCD camera and Komet 3.0 software (Kinetic Imaging Ltd, Liverpool, UK). The percentage of DNA in the tail (mean value from 50 comets per gel) was taken as a measure of DNA damage: it is linearly related to DNA break frequency over the range measured here (9) . Each datum point represents the average of between 4 and 12 samples with two gels per sample, i.e. a total of 8-24 determinations.
Measurement of oxidative DNA damage
Oxidized bases were measured using lesion-specific repair endonucleases as previously described (10, 11) . Briefly, after lysis, the slides were washed three times with enzyme buffer [0.1 M KCl, 0.5 mM Na 2 EDTA, 40 mM N-(2-hydroxyethyl)piperazine-NЈ-(2-ethanesulphonic acid) (HEPES; Sigma), 0.2 mg/ml bovine serum albumin, with KOH to pH 8.0] and the nucleoids were The data are those used for the control, untreated samples of cells in Figures 1-3 , but net endonuclease III-sensitive sites and net FPG-sensitive sites (representing oxidized pyrimidines and damaged purines, respectively) have been calculated. Twenty percent DNA in the tail corresponds to~0.6 breaks per 10 9 daltons (9). 810 incubated for 30 min or 45 min, respectively, with endonuclease III to detect oxidized pyrimidines, or with formamidopyrimidine glycosylase (FPG) to detect damaged purines including 8-oxo-guanine, the most abundant purine oxidation product. Alkaline electrophoresis then followed as above. The additional breaks formed at the oxidized bases lead to an increase in the amount of DNA in the tail of the comet. Net oxidized base damage was calculated for Table I by subtracting the mean percentage tail DNA in the absence of enzyme from the mean percentage tail DNA in the presence of endonuclease III or FPG.
Results and discussion
Freshly isolated alveolar macrophages and epithelial type II cells were analysed for DNA damage after 1 h treatment with different concentrations of Pq (Figure 1 ). The two types of cells showed very different patterns of damage in the untreated controls: the pneumocytes had substantial amounts of DNA strand breaks, while these were negligible in the macrophages. On the other hand, the presence of oxidized bases was revealed in macrophages, but not epithelial cells, by digestion with endonuclease III and FPG ( Figure 1 , Table I ). Both alveolar macrophages and epithelial type II cells responded to Pq with an increase in strand breaks, which was significant at concentrations as low as 1 µM or less. The number of additional enzyme-sensitive sites was, however, not increased. Alveolar macrophages actively produce reactive oxygen species, and it is likely that the background level of oxidized bases reflects this endogenous metabolic activity. It is at first sight surprising that strand breaks, also certainly induced by the reactive oxygen, are so low, but this is presumably because the macrophages are protected from endogenous damage by efficient strand break repair. [Strand breaks are generally rejoined much more rapidly than oxidized bases (12)].
It seemed possible that the high background level of strand breaks in the epithelial type II cells might result from trauma suffered during isolation, which in the case of these cells (but not the macrophages) includes digestion with trypsin. However, even after 24 or 48 h of culture, which should provide sufficient time for repair of such damage, the epithelial type II cells still showed high levels of endogenous DNA breaks (Figures 2  and 3 and Table I ). These cells are likely to be exposed in vivo to a wide range of potentially genotoxic agents, and the processing of the resultant DNA damage will involve both alkali-labile AP sites and frank strand breaks as intermediates. It is possible that this processing continues for the 2 days in culture. A high level of (endogenous) damage, combined with rather slow repair, is at least consistent with the probable role of these cells as progenitors of lung cancer (13) .
When alveolar macrophages were incubated for the first 24 h of culture with Pq, as well as a dose-dependent increase in strand breaks (similar to that seen at 1 h), a significant number of oxidized bases was formed (Figure 2 ). These additional endonuclease-sensitive sites were not seen after incubation with Pq from 24 to 48 h (Figure 3) , although Pqdependent strand breaks were again present. In the case of pneumocytes, incubation with paraquat from 0-24 h or from 24-48 h induced significant levels of strand breaks but no significant increase in base oxidation (Figures 2 and 3) . The roles of DNA repair enzymes and intrinsic antioxidant defences 
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in the changing responses of these two cell types with time have yet to be investigated. Whatever the full explanation may be, it is clear that these alveolar macrophages and pneumocytes are exquisitely sensitive to DNA damage induced by Pq when compared with other cell types (14; H.Petrovská and M.Dusinská, in preparation). In terms of cell killing, too, they are very sensitive; the LD 50 following 24 h of Pq treatment is 10 -6 M in the case of pneumocytes, and 10 -5 M in the case of macrophages (unpublished results).
Although Pq has been considered to cause cell death (and human toxicity) primarily via release of H 2 O 2 and lipid peroxidation, a recent report indicates that lipid peroxides are not in fact present in the lung, the critical organ, 48 h after Pq treatment of rats (15) . Our results strongly support the hypothesis that, at least in the case of cells of the respiratory tract, the cause of cell killing by Pq is DNA damage.
